CP Violation in the Kaon System
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Matter-Antimatter Asymmetry of the Universe

® The universe is made largely of matter with very little antimatter
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Why is this the case?
® Matter dominance occured during early evolution of the Universe
® Assume Big Bang produces equal numbers of B and B

® At high temperature, baryons in thermal equilibrium with photons
Y+y<<p+tp

® Temperature and mean energy of photons decrease as Universe expands

> Forward reaction ceases
> Baryon density becomes low and backward reaction rare
» Number of B and B becomes fixed

“Big-Bang” baryogenesis

® Need a mechanism to explain the observed matter-antimatter asymmetry



e Sakharov Conditions

e Sakharov (1967) showed that 3 conditions needed for a baryon
dominated Universe

1. A least one B-number violating process so Np — N5 is not constant

2. C and CP violation (otherwise, for every reaction giving more B
there would be one giving more B)

3. Deviation from thermal equilibrium (otherwise, each reaction would
be balanced by inverse reaction)

o |[s this possible?

> Options exist for #1

> #3 will occur during phase transitions as temperature falls below
mass of relevant particles (bubbles)

> #2 is the subject of today and Tuesday’s lectures.

® Today: First observation of CP violation (1964) and studies of CP
violation in the neutral kaon system

® Tuesday: Observation of CP violation in B decays (2001) and
searches for CP violation outside the SM



Reminder: K" Mixing

® Flavor (K°, fo) and mass eigenstates (Kg, K1) not the same

If CP were a good symmetry, mass eigenstates would be
1 0 770 _
1) = 5 (|K )+ ’K >) CP|K:) = |K2)

Ks) = % (1K)~ [&"))  cPlm) =~ |K)

® Associating the CP states with the decays:
|K1> — 27
|K2> — 37

® However, very little phase space for 3w decay: Lifetime of |K2) much
longer than of | K1)

Physical states called “K long” and “K short”:

7(Ks) = 0.9 x 107'% sec
(K1) =0.5x 107" sec



Discovery of CP Violation (1964)

® Create neutral kaon beam

® Long enough decay pipe for Ks to
decay away

PLAN VIEW

Search for existence of
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® Handles are:
T eend varaet
> Mass of 77~ pair should be
i1 Pl i ot o s e A G, M(KO)
» Momentum of 77~ points
(Cronin and Fitch) along beam direction
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What Was Seen
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Clear evidence of Ky, — o™



How big is the 20 Amplitude?

® Define observed CP parameter

AKp = ntn™)

=22 T ) 997 x 1078
I+ A(Ks = mtm—) X

® Suggests CP violation is small but non-zero
® But original experiment couldn't rule out other possibilities

> s there a very low mass 3"¢ particle released in the decay?

w_na

> Are the “7"’s really pions?

® New experiment by Fitch et al the next year to rule these possibilities out



® Neutral K beam with long decay pipe
so only K7y, left

® Use regenerator to create K.
Regenerator amplitude

i —1
an=min (1) (+.3)

where k wave number of incident
kaon, f and f are forward scattering
amplitudes, N is number density of
the material, A is the mean decay
length of the K, and
d=(Ms—Mp)/Ts

® K; — wtr~ yield is proportional to
AR + ny—|?

® Study 77~ rate as a function of Ag

® Evidence that Kg and Kg are
decaying to the same final state and
have constructive interference

7+ 7= RATE
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Are the Particles Observed in K; — 7" 7~ Really Pions?
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More Evidence for CP Violation
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® Pick Regenerator Thickness to
Give Equal Ks and K,
Populations
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Fig. 3. Time dependence of the charge asymmetry of semileptonic decays.

Clear Evidence of CP Violation in
semileptonic decays as well

(Ko ttuy) (K srteTwy)

b = T(Kp—on T )+0(K, »nTe—wy)

=3.3x10"3



One Additional Observable: 7
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Characterizing CP Violation (1)
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Mixing diagrams may
contain CP-violating
terms. [They do in the
SM (CKM)]

These diagrams have

AS =2

Both semi-leptonic and
hadronic decays can have
AS =2

There may also be
diagrams with CP
violating terms that have
nothing to do with mixing

These occur via WI
because strangeness can't
be conserved. We have
AS =1 (Example shown
to left)

Only hadronic decays can
have AS =1



Characterizing CP Violation (II)

o AS = 2 required for semi-leptonic decays but both AS =2 and AS =1
possible for hadronic decays

® Fact that 6, mo0 and 74— all have similar size indicates that AS = 2
dominates

® Express CP violation in the mixing can be described by saying K, has a
bit of |K1) and K5 has a bit of |K3)

([K1) +€|K3))

) = AT
Ky~ (Ka)relK)

VI1+ e

where the normalization is good to order ¢
e Note: |Kg) and |K1) are NOT orthoginal

e Expressing above in terms of K° and i

Ks) = %\/ﬁ ((1+e)\K°>+(176) ?0>)
K0 = Gy (+ol e -9 )



CP From Mixing Vs Direct CP

® \We saw last time
;4 _ M —iiT/2 My —i4T12/2 "
dt - M*lz—iér*lz/Q M—’L%F/?
® |f we write dm = dmp + 1d0ms can show

iomy

€= mr 7ms+irs/2

® You will show on HW that
00 = 2Re €

e If direct CP (AS = 1) will need one additional parameter (called €’).

» In K system, this is small, even when compared to ¢



neral Description of CP Violation in K's

® Decompose 27 state into I =0 and [ =2 (no I =1 since L =0 and
Bose Statistics)

® Can define 4 Amplitudes:

<2w,I:0|Hwk|KO> = A
(27,1 = 0| Hypp ’F0> =A%
(@n, I = 2| Hyp, |K°> = A
(2m, 1 = 2| Hyp, |?°> = A%,

® Three physical measurements

<7\’+7f7| Hyk | KL)

e (7tn= | Hyp |Ks)

<7r07r0‘Hw,C |Kr1)

o= (7OnO0| Hyp |Ks)
5, = T(Kp — n £tu) —T(Kp = nt07 D))

T(Kp — 7 8tv) + T(Kp — nte—vy)

® Now break into I =0 and I =2



Isospin Decomposition

® Using Clebsh-Gordon coeff:
_\ symm 1 _ _
|7'r+7r >y %‘7\' T 47 7r+>
— %(|1:2)+\/§|1=0>)

‘w°r°>symm = %(\/5\1:2)+|I:0>)

® |n above have ignored final state interaction. These add a “strong phase”
which is different for I =0 and I =2

® Define
Age’®0 = (I =0|Hyp ’K0>
Axe™®2 = (I=0|Hy,y |K°>
AFe0 = (I =2|Hyy ’?O>
A5e?®2 = (I=2|Hyy |?0>

® By convention take Ag as real



Completing the Math

o We find:
<7r+7'r_ ‘ Hok |KL) = 1/2/3¢"%2(eRe As + ilm As) + 21/1/3¢*%0 (cRe Ag + iIm Ag)
<7r071'0‘ Hyw |KL) = 21/1/3¢02(eRe Ag + iIm As) — 1/2/3¢"00 (cRe Ag + iIm Ag)
<7r+7r* ‘ Hyw|Ks) = 1/2/3(%2Re Ay + V290 Re Ag)

<7r07r0‘ Hyr |Ks) \/2/3(v/2¢¥92 Re Ay — /290 Re Ag)

® By convention Ay is real so

M4 — = €+ el
100 = e—2¢
, 1 Im Ao
€ = — exp(im/2 — i6g + i62)

V2 Ap



Measurement of € /e
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dates with P§ < 2500 (MeV/c)?. A fit to the background is
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® Must have precision to determine that 790 and 74— have different values

2014 PDG Average: Re(¢'/¢) = (1.66 £0.23) x 1073



A More Recent Kaon CP Experiment: CPLear
{‘ The CPLEAR Detector’

Magnel cail B=0.44T

h " 1m
200 MeVi/c ‘ uﬂ%é..—u .
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® Data taking 1990-1996 at CERN
® Anti-protons stopped in hydrogen target

pp — K*nTK°
® Strangeness of neutral kaon at production tagged by charge of charged
kaon



CPLear Measurement of 7,

acceptance and background corrected

neutral kaon decay rates

a is a free parameter in the
(k) o
fit, & = S5 [1 + 4R(er + 6)]

e(K™)

used as rate normalization
in other decay channels

free in the fit, not assuming CPT,
(524.0+4.4+3.3) x 107hs ™!

[Time dependent decay rate asymmetry]

R(K® o ntn) —a % B(K® — mir—’

R(K® & wta- )+ a x B(K" o =t7)

5 [] 3 2
28 time dependent decay rare csymmeny

2ln|edm 3 casAm - 7 — py)
14 g |Pelrm—timy

;-mm (30,1 £ 1.4) x 1 DG 18

published in Phys, Lett. B 458 (1999) 545

RK® = am)(1) —a x RK" = #ma)(1)
R(RK" = 77)(7) + o x R(KY = 77)(7)
e3ls—To)r

Ap(m)=

) os{ AmT — o
2|1fn | cos(Amr ﬁ,,,,,)l e T




CPLear Measurement of ¢

/Ky, — Kg Mass Differenceff

A _ NK[N—K",K%—K“ — Nfue_}(n!KuhKu
Am =

= 0 EE
Analysis of KY — nTe uI N oo ico + Nio gt go

e 7 cos Amr + 23 (’r_)("FT sin At
[L+2R (@) e + 1 = 2R (z, )] e7l07

2

e kinematical constraints

-

. . . g oca

o electron identification L
based on: i85

= %

" : P T _oor

e dE/dx in the scintillators, oot
-008

&

e number of photo-electrons

in the Cerenkov, 1.3 million events

e number of hits in the

calorimeter T = (0.8934 + O.DOI.JE) x 10-10s

5 10 15 20
Neutral kaon decay time [15]

[ Am = (529.5 & 2.0, £ 0840 ) X 1075 1

Am = (348.5 & 1.3) % 10~ eVje

AS = AQ violating decays or wrong tagging:
Rez; = (—1.8 & 4.0, & 4.555.) X 1072

Best single measurements: Phys.Leti. B444 (1998) 38

(x_) are strongly correlated, >0.99.
(530.1 +1.4) x 107hs™! obtain
0.8+3.5)x1073




A Modern Treatment of CP Violation
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Figure 12.1: Sketch of the unitarity triangle. Y = arg —

® CKM Matrix

Vua Vus Vg
Vekm =\ Vea Ves Vg
Via Vits Vi

® Wolfenstein parameterization:
1-X2/2 A AN (p — in)
Verxm = Y 1—22/2 AN? +0(\Y
AN (1 —p—in) —AN2 1

® Unitary Triangle:
udV » T+ Vcdvb + thvtb =0



Classifying CP Violating Effects

® CP Violation in Decays
L(P° = f) #T(P" = f)
® CP Violation in Mixing
Prob(P° — ﬁo) # P?"ob(ﬁO — P%

e CP Violation in Interference

» Time dependent asymetry dependent on fraction of P° at time ¢

B-decays will provide a rich laboratory for studying all three of these



Combined Results of All Experiments
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® Unlike K system, B decays provide MANY ways to measure CP violation
® \Want to determine if all consistent with single value of (p,n)
® Pick measurements where theoretical uncertainties under control

This will be the topic of next Tuesday's class



